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AxHp sequence totowing Ser* 00 and occurs within 
ma domain of A* lp that shows homobgy wfth hOE 
(74). To delete the complete STB23 sequence end 
create the *tflC3 AsURC nutation, pcryrnerase chain 
reaction (PCR) primer* (S'-TCGGAATMCCTCAT- 
I CI lU CTCATTTTGATATTGCTO- TGTAGATTG- 
TACTG^GAGTGCAC-3' ; and 5'-GCTACAAACAGC- 

gtc^acttgmtgccccgacatcttcqactgt- 

GCGGTATTTCACAOCG-3') were wed to ampfity 
the URA3 sequence of PRS316. and the reaction 
product was transformed ht o yeast tor one-step gene 
replacement (R Rothstein, Method* Emymc/. 194. 
281 (1991]]. To create Vieaxtl &r:L£U2 rruatton con- 
tained on p114, e 5.0-kb Set t trsg ny from pAXL ? 
was ctoned krto pUCi9, and an interna* 4D-kb Hpa 
l-Xho t fragment was replaced wRM a LEU2 fragment. 
To construct the ste?3b'iEU2 a*** 3 <a delation cor- 
. n apondnQ to 931 omno acids) earned on pl53. a 
LBJ2 fragment was used to replace the 2.6-kb Prrt 
r-Ed136 1 fragment of 57E23, wtiich occurs within « 
&2-kt> r-find D-Bgt D penomic frspment carried on 
pSP72 (Promega). To create YEP^'. a 1.B-kb 
Bam H tragment ccrtaHng 7, from dKK16 pC 
KuchJer. R E Sterne, J. Thomer. SMBOJ. 8, 3973 
(19891), washed into the Bam HI site of YEp351 p. 
E. Hi. A. M. Myers. T.J. Koemer. A. Tragotoff, Yeast 
2. 163(1986% 

24. J. Chant and L Herskowta. CeO 65. 1203 (1991). 

25. B. W. Matthews, Ax: Chan. Res. 21. 333 (1886). 

26. K. Kuchter. H. G. Dcrtman, J. Thomer; J.Cef&oL 
120. 1203 (1993); FL Kofcng end C P. HoDenberg, 
EMBOJ. 13. 3261 (1994); C. Berkower, D. loeyza, 
S. Michaels. Mot fib/. Cef 5, 1 1 B5 (1994). 

27. A. Bender and J. R. Prr^ie. ProC. NatL Acad. Set . 
USA B6. 9976 (1989); J. Chant. K. Corrado, J. R. 
Prinpte, I. Herskowta. Ce* 66. 1213 (1991); s. 
Powers, E. Gonzales. T. Christens en, J. CuDen. 0. 
Broek Art*., p. 1225: H. O. Park. J- Chant. I. Her- 
skowta, Mature 365. 269 (1993); J- Chant. Trends 

Genet 1 0. 328 (1 994); and J. R PringJe. J. 

CetacV. 129. 751 (1995); J. Chant M. Mischke, E. 
Mitchell. L Herskowta, J. R. pringle. toW.. p. 767. 
a F. Sprague Jr., Methods. Enzymot 194. 77 
(1991). 

Sirigie-ietler abbreviations for the amino acid resi- 
dues are as foflows: A, Ala; C. Cys; D. Asp; E, GJu; F, 
Phe: a Giy; K His; I. Be; K. Lys; L. Leu: M, Met; N. 
AsrxP, Pro;O.GfrvRAfg;S,Ser;T.Thr;V,Va;W, 
TrpiandY. Tyr. 

A W303 1A derivative, SY2625 (MA» m3-1 4aj?-3. 

search. SY2625 derivatives tar the mating assays, se- 
creted pheronxrB essays, end ffie pi*se<*n» eqser- 
irnents induced tie loftowng stains: V49 (tta22-T), 
Y115 ifi*8ltL'±BJ2l. VI 42 fetf;;:UfiA3). Y173 
«a*7 A^EUT). Y220 U«/l:tW3 sfe23A***3). Y221 
(sfa23A.\t«A3), Y231 ffixtlklBJZ $te23±±EUZl. 
and Y233 \ste23Ar±EU2L MA To 6emati*m of 
SY2625 Induded the fofiowing strains: Y199 
(SY2625 made MATa], Y276 We22-1), Y195 
(mralAitfl/?). Y196 (a*0A:;L£U3. end Y197 
(atfJ-UKAJ). The EG 123 (MAT* tetf2 tra3 Dpi con/ 
n-44) genetic background was used to create a set of 
strains fa analysis of bud stte selection. EG 123 do- 
rrvatfwes- included the blowing strains: Y175 
(aril &nUEU2), Y223 W1:.VHA3). Y234 t*f©23A.v 
L£U2V and Y272 (arf/A-vLfLC sra23A-.l£I/g. 
MA 7b derivatives of EG123 Included the fcJowing 
strains: Y214 (EG 123 made AW 7c) and Y293 
{&xf1 AS strains were generated by means 

of standard genetic or mrJecula/ methods involving 
the appropriate constructs (23). m particular, the axrf 
ste23 double mutant strains were creeled by cross- 
ing of the appropriate A44Ta sta23 and MATo ax/1 
mutants , foUowed by sporutation of the resuftant dp- 
taid and isolation of the double mutant from nonpe- 
rentai d-type tetrads. Gene dterupttons were con- 
firmed with either PCR or Southern (DNA) analysis. 
P129 is a Y£n352 (J. E Ha\ A M. Myers, T. J. Ko- 
emer, A. Tzaootofl, Yeast 2, 1 63(1986)) plasmid con- 
tainir»ga5.5^Sailfrag/r^otpA«./. pt51 was 
derived from pi 29 by insertion of a Inker at the Bgfl 
site wilhh AXLl, which led to an frvframe inseribn of 
the hemaggJutWn (HA) epitope (DQnfPYDVPDYA) (25) 
between amho acids 854 and 855 of the AW./ prod- 



uct PC225 Is a KS+ (Stratagene) p^asrrid ccrtarwig 
a 0^4* Bam r*-Sst l fragment from pAXL 1 . Substi- 
tution rotations of the proposed active eke of Axllp 
were oeated wfth the use of pC225 and stte-spectftc 
nwlagenesis involving appropriate synthetic oSgonu- 
oeobdes bxtl-H68A. 5'-G7GCTCACAAAGCGCT- 
GCCAAACCGGC-3': ax?1-E7lA, S'-AAGAATCAT- 
GTGCGCACAAAGGTGCGC-3'; and tun-E7lD. 5'- 
AAGAATCATGTGATCACAAAG<rrGCGC^l . The 
nxrtations wore corrfirrned by sequence analyso. Af- 
ter mutagenesis, the 0.4-kb Bam HWvlsc I tragment 
hom the rrxriaoenced pC225 pJasrnkfc was trans- 
ferred into pAtf. 7 to create a set of pRS3 1 6 ptasrrtds 
carrying drfterent AXLl sides, pi 24 tpxil-HSSAY 
P130 &n-€71A). and pl32 (axff-f7;0). Simlarly, a 
set of HA-tagged ateiae carried on YEp352 ware cre- 
Bted after repiacernant of the pl5l Bam W-Msc I 
'rapment to generate pi 61 &n-E71A), pi62 {axf7- 
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Quantitative Monitoring of Gene Expression 
Patterns with a Complementary DNA Microarray 

Mark Schena,* Dari ShalorVt Ronald W. Davis, 

Patrick O. Brown* 

n fl Sr C ^ 3dty SyStem WBS devel °P ed 10 monitor the expression of many genes In 
parallel. M.croarrays prepared by high-speed robotic printing of complementary DNAs on 
glass were used for quantitative expression measurements of the correspond^ oenea. 

SL^mk 31 ' f ™ and hi 9 h densrt V of the arrays, hybridization volum«of2 
rn»crolrters could be used that enabled detection of rare transcripts in probe mixtures 
denved from 2 micrograms of total cellular messenger RNA. Differential expression 
measurements of 45 Arzbidopsis genes were made by means of simultaneous^o^tor 
fluorescence hybridization. ■•"•uwiwus.Two-coior 
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The temporal, developmental, topographi- 
cal, histological, and physiological patterns 
in which a gene is expressed provide clues to 
its biological role. The large and expanding 
database of complementary DNA (cDNA) 
sequences from many organisms (/) presents 
the opportunity of defining these patterns at 
the level of the whole genome. 

For these studies, we used the small flow- 
ering plant Arobidopsis thaliona as a model 
organism. Arobidopsis possesses many ad- 
vantages for gene expression analysis, in- 
cluding the fact that it has the smallest 
genome of any higher eukaryote examined 
to date (2). Forty-five cloned Arobidopsis 
cDNAs (Table I), including 14 complete 
sequences and 31 expressed sequence tags 
(ESTs), were used as gene-specific targets. 
We obtained the ESTs by selecting cDNA 
clones at random from an Arobidopsis 
cDNA library. Sequence analysis revealed 
that 28 of the 31 ESTs matched sequences 
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in the database (Table I). Three additional 
cDNAs from other organisms served as con- 
trols in the experiments. 

The 48 cDNAs, averaging -1.0 kb, 
were amplified with the polymerase chain 
reaction (PCR) and deposited into indi- 
vidual wells of a 96-well microtiter plate. 
Each sample was duplicated in two adja- 
cent wells to allow ch e reproducibility of 
the arraying and hybridisation process to 
be tested. Samples from the microtiter 
plate were printed onto glass microscope 
slides in an area measuring 3.5 mm by 5.5 
mm with the use of a high-speed arraying 
machine (3). The arrays were processed by 
chemical and heat treatment to attach the 
DNA sequences to the glass surface and 
denature them (3). Three arrays, printed 
in a single lot, were used for the experi- 
ments here. A single microtiter plate of 
PCR products provides sufficient material 
to print at least 500 arrays. 

Fluorescent probes were prepared from 
total Araiadopsu mRNA (4) by a single 
round of reverse transcription (5). The Arc- 
bidopsis mRNA was supplemented with hu- 
man acetylcholine receptor (AChR) mRNA 
at a dilution of 1 : 10,000 (w/w) before cDNA 
synthesis, to provide an internal standard for 
calibration (5). The resulting fluoresces r_]y 
labeled cDNA mixture was hybridized to an 
array at high stringency (6) and scanned 
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with a laser (3). A high -sensitivity scan gave 
signals that saturated the detector at nearly 
all of the Arabuiopsis target sites (Fig. 1A). 
Calibration relative to the AChR mRNA 
standard (Fig. 1A) established a sensitivity 
limit of -1:50,000. No detectable hybridiza- 
tion was observed to either the rat glucocor- 
ticoid receptor (Fig. 1 A) or the yeast TRP4 
(Fig. I A) targets even at the highest scan- 
ning sensitivity. A moderate-sensitivity scan 



of rhe same array allowed linear detection of. 
the more abundant transcripts (Fig. IB). 
Quantitation of both scans revealed a range 
of expression levels spanning three orders of 
magnitude for the 45 genes tested (Table 2). 
RNA blots (7) for several genes (fig. 2) 
corroborated the expression levels measured 
with the microarray to within a factor of 5 
(Table 2). 

Differential gene expression was investi- 
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Rg. 1. Gene exrxessico n^ored wtth the w 

pse^^correspond to hybridizafor i Intensities. Color oars were calibrated from the signal obtained 

wimtte use of known <zxx^ 

leners on the axes nwKtr«posmon d each cr>^ 

with Ruorescein-labeled cDNA derived from wiid-type plants. (B) Same array as in (A) but scanned at 
moderate sensftMty. [C and D) A singte array was probed with a 1 : 1 mixture of fluoresce*- labeled cDN A 
from wid-type plants and Sssamine-labeted cDNA from HAT4 -transgenic plants. The single array was 
then scanned success^ to detect the nuonasceh florescence correspcoding to mRm from wOd- type 
plants (C) and the fesamine rkxxescence corresponding to mRNA from HAT4-transgenjc plants (D) (E 
and F) A single array was probed with a 1:1 mixture of ftuorescervlabeJed cDNA from root tissue and 
issanro-labeted cOMA from leaf tissue. The single array was then scanned successively to delect the 
fluorescein fluorescence corresponding to mRMAs expressed in roots (E) and the fissamine fluorescence 
con^esponding to mRNAs expressed n leaves (F). 



gated with a simultaneous, two-color hy- 
bridiiarion scheme, which served to mini- 
miie experimental variation inherent in the 
comparison of independent hybridizations. 
Fluorescent probes were prepared from two 
mRNA sources with the use of reverse tran- 
scriptase in the presence of fluorescein- and 
lissaminc-labeled nucleotide analogs, re- 
spectively (5). The two probes were then 
mixed together in equal proportions, hy. 
bridized to a single array, and scanned sep- 
arately for fluorescein and lissamine emis- 
sion after independent excitation of the two 
fluorophores (3). 

To test whether overexprcssion of a sin- 
gle gene could be detected in a pool of total 
Aiafeidopju mRNA, we used a microarray to 
analyze a transgenic line overexpreising the 
single transcription factor HAT4 (8). Fluo- 
rescent probes representing mRNA from 
wild-type and HAT4-transgentc plants were, 
labeled with fluorescein and lissamine, re- 
spectively; the two probes were then mixed 
and hybridized to a single array. An intense 
hybridization signal was observed at the 
position of the HAT4 cDNA in the lissa- 
mine-specific scan (Fig. ID), but not in the 
fluorescein-specific scan of the same array 
(Fig. 1C). Calibration with AChR mRNA 
added to the fluorescein and lissamine 
cDNA synthesis reactions , at dilutions of 
1:10,000 (Fig. 1C) and 1:100 (Fig. ID), 
respectively, revealed a 50-fold elevation of 
HAT4 mRNA in the transgenic line rela- 
tive to its abundance in wild-type plants 
(Table 2). This magnitude of HAT* over- 
expression matched that inferred from the 
Northern (RNA) analysis within a factor of 
2 (Fig. 2 and Table 2). Expression of all the 
other genes monitored on the array differed 
by less than a factor of 5 berwecn HAT4- 
transgenic and wild-type plants (Fig 1, C 



WDdlype 



HAT4 



CABl 



HAT4 



ROC1 




0.01 1.0 
mRNA (mq) 





Human 
AChR 



20 2J0 0.2 
mRNA (ng) 

Fig. 2. Gene expression monitored with RNA 
(Northern) blot analysis. Designated amounts of 
mRNA from wild -type and HA 74 -transgenic 
plants were spotted onto nyton membranes and 
probed with the cONAs indicated. Purified hunan 
AChR mRNA was used for calibration. • 
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Reports 



and D, and Table 2). Hybrid iiation of flu- 
oresccin-labcled glucocorticoid receptor 
cDNA (Fig, 1C) and lusamine-Iabeled 
TRP4 cDNA (Fig. ID) verified the pres- 
ence of the negative control targets and the 
lack of optical cross talk between the two 
fluorophores. 

To explore a more complex alteration in 
expression patterns, we performed a second 
two-color hybridization experiment with 
fluorescein- and I issa mine- labeled probes 
prepared from root and leaf mRNA, respec- 
tively. The scanning sensitivities for the 
two fluorophores were normalized by 
matching the signals resulting from AChR 



mRNA, which was added to both cDNA 
synthesis reactions at a dilution of 1:1000 
(Fig. 1 , E and F). A comparison of the scans 
revealed widespread differences in gene ex- 
pression between root and leaf tissue (Fig. 1, 
E and F). The mRNA from the light-regu- 
lated CABl gene was -500-fold more abun- 
dant in leaf (Fig. IF) than in root tissue 
(Fig. IE). The expression of 26 other genes 
differed between root and leaf tissue by 
more than a factor of 5 (Fig. 1, E and F). 

The HAT^-transgenic line we examined 
has elongated hypocotyls, early flowering, 
poor germination, and altered pigmentation 
\8). Although changes in expression were 



Table 1. Seoyences contained on the cDNA microarray. Shown is the rvwftinn »~ 
function, and the accession number of each cDNA ^m^^V« f?S£i ^ S^ 8 **! 
in tris study matched a sequence n the da^Tr^TeS ^i"^* 
dhucteobde; ATPase. ade^sine tep^'g^^^ ntttmm*. adenne 



Position 



cDNA 



Function 



81.2 

ad. 4 
a5. 6 
B7. 8 
a9. 10 
an, 12 
b1,2 
D3.4 
b5.6 
57.8 
D9. 10 
Ml, 12 
C1, 2 
c3,4 
c6.6 
C7.8 
c9. 10 
C11. 12 
d1.2 
d3,4 
d6.6 
d7,8 
d9, 10 
d11. 12 
e1.2 
e3,4 
e5,6 
67.8 
e9, 10 
ell. 12 

fl.2 

13,4 

t5,6 

!7.8 

t9. 10 

111,12. 

Q1.2 

93,4 

95,6 

97.8 

g9. 10 

911.12 

hi. 2 

h3.4 

h5,6 

h7.8 

h9. 10 

Ml. 12 



AChR 

EST3 

ESTB 

AAC1 

EST12 

EST13 

CABl 

EST17 

GA4 

EST19 

GBF-1 

EST23 

EST29 

GBF-2 

EST34 

EST35 

EST41 

rGR 

EST42 

EST45 

HAT1 

EST46 

EST49 

HA 72 

HAT 4 

EST50 

HATS 

EST51 

HAT22 

EST52 

EST59 

KNAT1 

E5T60 

EST69 

PPH1 

EST70 

EST75 

EST 78 

ROC1 

EST82 

ESTB3 

EST84 

EST91 

EST96 

SAR1 

EST100 
EST103 
TRP4 



Human AChR 
Actin 

NADH ctehydrogenase 
Actinl 
Unknown 
Actin 

Chlorophyll a/b bindhg 
Phosphoglycerate kinase 
Gtoberellic acid bbsynthesis 
Unknown 

G-box binding factor 1 
Bongabon factor 
Aldolase 

G-box binding factor 2 
Chioroplasi protease 
Unknown 
Catalase 

Rat glucocorticoid receptor 
Unknown 
ATPase 

Horneobox -leucine zipper 1 
Light harvesting compter 
Unknown 

Homeobo* -leucine zipper 2 
. Hccneobox -leucine zipper 4 
PhosphcnouioJcnase 
Homeobox^eucine zipper 5 
Uhknown 

Horneobox-teucine zipper 22 
Oxygen evoMng 
Unknown 

X/xjff ed-like horneobox 1 
RuSisCO small subunit 
Translation elongation factor 
Protein phosphatase 1 
Unknown 

Chioropiast protease 
Unknown 
Oytfophffln 
GTP binding 
Unknown 
Unknown 
Unknown 
Unknown 
Synaptobrevin 
Light harvesting complex 
Light harvesting complex 
Yeast tryptop han biosynthesis 
•Proprietary sequence of Stretagene (U Jota. Cafitomia). 



Accession 
number 



H36236 

227010 

M20016 

U36594t 

T45783 

M85150 

T44490 

L37126 

U3B595t 

X63894 

X52256 

T04477 

X63895 

R87034 

T14152 

T22720 

M14053 

U36596t 

J04185 

U09332 

T04063 

T76267 

U09335 

M90394 

T04344 

M90416 

233675 

U09336 

T2l74g 

234607 

U14174 

X14564 

T42799 

U34803 

T44621 

T43698 

R65481 

L14844 

X59152. 

233795 

T45278 . 

T1 3832 

R64816 

M9041B 

218205 

X03909 

X04273 



observed for HAT4. large changes in ex- 
pression were not observed for any of the 
other 44 genes we examined This was 
somewhat surprising, particularly because 
comparative analysis of leaf and root tissue 
identified 27 differentially expressed genes. 
Analysis of an expanded set of genes may be 
required to identify genes whose expression 
changes upon HAT4 overexpression; alter- 
natively, a comparison of mRNA popula- 
tions from specific tissues of wild-type and 
HAT4-transgenic plants may allow identi- 
fication of downstream genes. 

At the current density of robotic printing 
it is feasible to scale up the fabrication pro-' 
cess to produce arrays containing 20000 
cDN A targets. At thu density, a single array 
would be sufficient to provide gene -specific 
targets encompassing nearly the entire rep- 
ertoire of expressed genes in the Arabidopsis 
genome (2). The availability of 20,274 ESTs 
from Arabidopsis (I, 9) would provide a rich 
source of templates for such studies. 

The estimated 100 AX) genes in the hu- 
man genome U0) exceeds the number of 
Arabidopsis genes by a factor of 5 (2). This 
modest increase in complexity suggests that 
similar cDNA microarrays, prepared from 
the rapidly growing repertoire of human 
ESTs (i), could be used to determine the 
expression patterns of tens of thousands of 
human genes in diverse cell types. Coupling 
an amplification strategy to the reverse 
transcription reaction (J J) could make it 
feasible to monitor expression even in 
minute tissue samples. A wide variety of 
acute and chronic physiological and patho- 
logical conditions might lead to character- 
istic changes in the patterns of gene expres- 
sion in peripheral blood cells or other easily 
sampled tissues. In concert with cDNA mi- 
croarrays for monitoring complex expres- 
sion patterns, these tissues might therefore 
serve as sensitive in vivo sensors for clinical 
diagnosis. M icroarrays of cDNAs could thus 
provide a useful link between human gene 
sequences and clinical medicine. 



Table 2. Gene expression rrcnitoring tyrnfcroar- 
ray and RNA blot analyses; tg. HAN-transoenic 
See Table 1 for additional gene information. Ex-' 
pression leveis (w/w) were calibrated with the use 
of known amounts of human AChR mRNA. Values 
(or the microarray were determined from microar- 
ray scans (Fig. 1); values for the RNA biot were 
determined from RNA btots (fig. 2). 



TNo match in the database: newel EST 
SCIENCE 



Gene 


Expression level (wAv) 




Microarray 


RNA blot 


CABl 
CAS/Og) 
HAT4 
HAT4 (tg) 
ROC1 
ROC1 (tg) 


1:48 

1:120 

1:8300 

1:150 

1:1200 

1:260 


1:83 

1:150 

1:6300 

1:210 

1:1800 

1:1300 
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fluorescent scanner that contained a cornputar-con- 
trofted XY stage end a rricroscope objects Arreted 
gas. mUtBne laser slowed sequential excitation of 
the two fkicfcphores. Ernrttedigrrt was apSt accord- 
ing to wavetength end delected with two photomut- 
tpfier tubas. Signals were read into a PC with the use 
of a 12-bft anatos-tc-cflgrui board. Addrttanal detafc 
of rrvcroarray fabrication and use may be obtained by 
means of e-mal (pbrowri©cmgrn. sianfordedu). 

4. F. M. Ausube) #aL, Eds.. Current Protocols h Mo- 
tecutar Biology (Greene ft WUey Interacience, New 
York, 1994). pp. 4.3.1-4.3.4. 

5. Potyadenytated Ipor/VATJ rnRNA 

totaf RNAwahtheuseof Ofigotex-dT resin fOiagen). 
Reverse transcription fRT ) reactions were carried out 
with a StrataScrtpI RT-PCR Kit fStratagene) mocited 
as foftows: 50- reactions contained Q.1 »lo/V of 
Arsbkiapsts mRNA. 0.1 ng/jd of human AChR 
mRNA, 0.06 p.Qt)tl of otigofdT) (21-mer). ix 6r*t 
strand buffer. 0.03 U/»J of noonucteese block, 500 
fj\4 deoacyadenosine triphosphate (dATPJ, 500 jiM 
deoxyguartosine triphosphate. 500 yM oTTP, 40 
|iM deoxycytosine triphosphate (dCTP), 40 flu- 
crescein-12-dCTP (or teaarriine-5-dCTP), and 0.03 
UfU of StrataScript reverse transcriptase. Reactions 
were incubated lor 60 min at 37*C, precipitated with 
ethanot. and resuspended h 10 mJ ofTE (10 mM tria- 
HO and 1 mM WTA. pH 8.0). Samples were then 
neatedia3rr^ate4^andch^onice.Tr»RNA 
was degraded by adding 0J& pj of 10 N NeOH 
tolowed by a 10-mn incubation at 37*C. The sam- 
ples were neutraized by addition of 2.5 pi of 1 M 
tris-O <pHaO)and 0.25 pi of 10 N HQ and predp- 
Itaied wtth ethanoL Pellets were washed with 70% 
ethanol, dried to cornptetkn in a speedvac, resus* 
penoed in 10 \J of HjO. end reduced to 3.0 »d fri a 
speedvac Fkjorescent nucleotide anabgs were ob- 
tained from New England Nudear (DuPont). 

6. Hybridization reactions contained 1.0|il of luorescent 
cONA synthesis product (5) and t j0 \tl c/hybrtdaaticn 
buffer pox saftne eodim dtrate (SSC) and 02% 
SOS]. The 2.0-pJ probe rrtbcturas went eto^joted onto 
the rrtooarray surface and covered wKh cover Blips 
(12 mm round). Arrays were transferred to a hybrid- 
tation chamber (31 and incubated tor 18 hours at 
65*C Arrays were washed tor 5 min at rc<vn temper- 
ature (25*Q trt tow-stringency wash bufler (i x SSC 
and 0.1 % SOS), then for 1 0 rnh at room ternperBture 
in hgh*tringency wash buffer (0.1 x SSC and 0.1% 
SOS). Arrays were scanned h Oil x SSC with the use 
of a fluorescence laser-scanning device (3). 

7. Samples of pory(A)* mRNA (4, 5) were Spotted onto 
nylon membranes (NytrarV end crossfinked with ul- 
traviolet (gnt with the use of a StrataSnker 1800 
(Stratagene). Probes were prepared by random 
prirring with the use of a Prirne-tt U kS (Stratagene} h 
the presence of p^PJdATP. Hybndizabons wore car- 
ried out accor di ng to the instructions of the manu- 



facturer. Quantitation was perfwrned on e Pfx»- 
priorimager (Molecular Dyriamics). 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA Immunodeficient Patients 

Claudio BordignorV Luigi D. Notarangelo, Nadia Nobili 
Giuhana Ferrari, Giulia Casorati, Paola Panina, Evelina Mazzolari, 
Daniela Maggioni, Claudia Rossi, Paolo Servida, 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA^ deficiency results in severe combined immunodeficiency 
the first genetic disorder treated by gene therapy. Two different retroviral vectors were 
used to transfer ex vivo the human ADA minigene into bone marrow cells and peripheral 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy. After 2 years of treatment, long-term survival of T and B lymphocytes, marrow cells 
and granulocytes expressing the transferred ADA gene was demonstrated and resulted 
in i normalization of the immune repertoire and restoration of cellular and humoral immunity 
After discontinuation of treatment, T lymphocytes, derived from transduced peripheral 
blood lymphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results indicate successful gene transfer into long-lasting progenitor cells 
producing a functional multilineage progeny. 
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Severe combined immunodeficiency asso- 
ciated with inherited deficiency of ADA 

(1) is usually fatal unless affected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLAMdentical sibling donor 

(2) . This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapy have 
been developed, including transplants from 
haploidentical donors (3,4), exogenous en- 
zyme replacement (5), and somatic-cell 
gene therapy (6-9). 

We previously reponcd a preclinical mod- 
el in which ADA gene transfer and expression 

C. Borrjgnon. N. NobH, G. Ferrari. D. Maggioni, C. Rosst. 
P. Servida. F. Mavilo. Telethon Gene Therapy Program 
tor Genetic Diseases, DIBIT, Istftuto Scientific© H. S. Ral- 
faeie, Mian. Italy. 

L D. Notarangelo, E. Mazzolari. A. G. Ugazio. Depart- 
ment of Pediatrics, University of Brescia Medical School 
Brescia. Italy. 

G. Casorati, Unrla d> Invruncchirnica, DIBIT, Islttuto So- 
entifico H. S. Reffaete, Mian. Italy. 
P. Panha, Roche Mflano Ricerche. Milan. Italy. 
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successfully restored immune tuna ions in hu- 
man ADA-deficient (ADA") peripheial 
blood lymphocytes (PBLs) in immurxxlefi- 
cient mice in vivo ()0, J J J. On the k**jt of 
these preclinical results, the clinical applica- 
tion of gene therapy for the treatment of 
ADA" SOD (severe combined trntruinodefi- 
ctency disease) patients who previously failed 
exogenous enzyme replacement therapy was 
approved by our Institutional Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics (J 2). In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
. the relative role of PBLs and hematopoietic 
stem cells in the long-term reconstiturioQ of 
immune functions after retroviral vector-me- 
diated ADA gene transfer. For this purpose, 
two structurally identical vectors expressing 
the human ADA complementary DNA 
(cDNA), distinguishable by the presence of 
alternative restriction sites in a noniunctional 
region of the viral long-terminal repeat 
(LTR) , were used to transduce PBLs and bone 
marrow (BM) cells independently. This pro- 
cedure allowed identification of the origin of 
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Field of the Invention 

5 This invention relates to a method and apparatus 

for fabricating microarrays of biological samples for 
large scale screening assays, such as arrays of DNA 
samples to be used in DNA hybridization assays for 
genetic research and diagnostic applications. 

10 
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Background of the Invention 

A variety of methods are currently available for 
making arrays of biological macromolecules , such as 

10 arrays of nucleic acid molecules or proteins. One 
method for making ordered arrays of DNA on a porous 
membrane is a M dot blot" approach. In this method, a 
vacuum manifold transfers a plurality, e.g., 96, 
aqueous samples of DNA from 3 millimeter diameter wells 

15 -to a porous membrane. A common variant of this 

procedure is a "slot-blot" method in which the wells 
have highly-elongated oval shapes. 

The DNA is immobilized on the porous membrane by 
baking the membrane or exposing it to UV radiation. 

20 This is a manual procedure practical for making one 

array at a time and usually limited to 96 samples per 
array. "Dot-blot" procedures are therefore inadequate 
for applications in which many thousand samples must be 
determined . 

25 A more efficient technique employed for making 

ordered arrays of genomic fragments uses an array of 
pins dipped into the wells, e.g., the 96 wells of a 
microtitre plate, for transferring an array of samples 
to a substrate, such as a porous membrane. One array 

30 includes pins that are designed to spot a membrane in a 
staggered fashion, for creating an array of 9216 spots 
in a 22 x 22 cm area (Lehrach, et al., 1990). A 
limitation with this approach is that the volume of DNA 
spotted in each pixel of each array is highly variable. 
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In addition, the number of arrays that can be made with 
each dipping is usually quite small. 

An alternate method of creating ordered arrays of 
nucleic acid sequences is described by Pirrung, et al. 
5 (1992), and also by Fodor, et al. (1991), The method 
involves synthesizing different nucleic acid sequences 
at different discrete regions of a support. This 
method employs elaborate synthetic schemes, and is 
generally limited to relatively short nucleic acid 

10 sample, e.g., less than 20 bases. A related method has 
been described by Southern, et al. (1992). 

Khrapko, et al. (1991) describes a method of 
making an oligonucleotide matrix by spotting DNA onto a 
thin layer of polyacrylamide. The spotting is done 

15 manually with a micropipette. 

None of the methods or devices described in the 
prior art are designed for mass fabrication of 
microarrays characterized by (i) a large number of 
micro-sized assay regions separated by a distance of 

20 50-200 microns or less, and (ii) a well-defined amount, 
typically in the picomole range, of analyte associated 
with each region of the array • 

Furthermor e , current technology is directed at 
performing such assays one at a time to a single array 

25 of DNA molecules* For example, the most common method 
for performing DNA hybridizations to arrays spotted 
onto porous membrane involves sealing the membrane in a 
plastic bag (Maniatas, et al., 1989) or a rotating 
glass cylinder (Robbins Scientific) with the labeled 

30 hybridization probe inside the sealed chamber. For 
arrays made on non-porous surfaces, such as a 
microscope slide, each array is incubated with the 
labeled hybridization probe sealed under a coverslip. 
These techniques require a separate sealed chamber for 
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each array which makes the screening and handling of 
many such arrays inconvenient and time intensive. 

Abouzied, et al. (1994) describes a method of 
printing horizontal lines of antibodies on a 
5 nitrocellulose membrane and separating regions of the 
membrane with vertical stripes of a hydrophobic 
material. Each vertical stripe is then reacted with a 
different antigen and the reaction between the 
immobilized antibody and an antigen is detected using a 

10 standard ELISA color imetric technique. Abouzied 's 
technique makes it possible to screen many one-* 
dimensional arrays simultaneously on a single sheet of 
nitrocellulose. Abouzied makes the nitrocellulose 
somewhat hydrophobic using a line drawn with PAP Pen 

15 (Research Products International) . However Abouzied 
does not describe a technology that is capable of 
completely sealing the pores of the nitrocellulose. The 
pores of the nitrocellulose are still physically open 
and so the assay reagents can leak through the 

20 hydrophobic barrier during extended high temperature 
incubations or in the presence of detergents which 
makes the Abouzied technique unacceptable for DNA 
hybridization assays. 

Porous membranes with printed patterns of 

25 hydrophilic/hydrophobic regions exist for applications 
such as ordered arrays of bacteria colonies. QA Life 
Sciences (San Diego CA) makes such a membrane with a 
grid pattern printed on it. However, this membrane has 
the same disadvantage as the Abouzied technique since 

30 reagents can still flow between the gridded arrays 
making them unusable for separate DNA hybridization 
assays . 

Pall Corporation make a 96-well plate with a 
porous filter heat sealed to the bottom of the plate. 
35 These plates are capable of containing different 
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reagents in each well without cross-contamination. 
However, each well is intended to hold only one target 
element whereas the invention described here makes a 
microarray of many biomolecules in each subdivided 
5 region of the solid support. Furthermore, the 96 well 
plates are at least 1 cm thick and prevent the use of 
the device for many color imetric, fluorescent and 
radioactive detection formats which require that the 
membrane lie flat against the detection surface. The 

10 invention described here requires no further processing 
after the assay step since the barriers elements are 
shallow and do not interfere with the detection step 
thereby greatly increasing convenience. 

Hyseq Corporation has described a method of making 

15 an "array of arrays" on a non-porous solid support for 
use with their sequencing by hybridization technique. 
The method described by Hyseq involves modifying the 
chemistry of the solid support material to form a 
hydrophobic grid pattern where each subdivided region 

20 contains a microarray of biomolecules. Hyseq 's flat 
hydrophobic pattern does not make use of physical 
blocking as an additional means of preventing cross 
contamination. 

25 summary of the Invention 

The invention includes, in one aspect, a method of 
forming a microarray of analyte-assay regions on a 
solid support, where each region in the array has a 
known amount of a selected, analyte-specif ic reagent. 

30 The method involves first loading a solution of a 
selected analyte-specif ic reagent in a reagent- 
dispensing device having an elongate capillary channel 
(i) formed by spaced-apart, coextensive elongate 
members, (ii) adapted to hold a quantity of the reagent 

35 solution and (iii) having a tip region at which aqueous 
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solution in the channel forms a meniscus. The channel 
is preferably formed by a pair of spaced-apart tapered 
elements. 

The tip of the dispensing device is tapped against 
5 a solid support at a defined position on the support 

surface with an impulse effective to break the meniscus 
in the capillary channel deposit a selected volume of 
solution on the surface, preferably a selected volume 
in the range 0.01 to 100 nl. The two steps are 

10 repeated until the desired array is formed. 

The method may be practiced in forming a plurality 
of such arrays, where the solution-depositing step is 
are applied to a selected position on each of a 
plurality of solid supports at each repeat cycle. 

15 The dispensing device may be loaded with a new 

solution, by the steps of (i) dipping the capillary 
channel of the device in a wash solution, (ii) removing 
wash solution drawn into the capillary channel, and 
(iii) dipping the capillary channel into the new 

20 reagent solution. 

Also included in the invention is an automated 
apparatus for forming a microarray of analyte-assay 
regions on a plurality of solid supports, where each 
region in the array has a known amount of a selected, 

25 analyte-specific reagent. The apparatus has a holder 
for holding, at known positions, a plurality of planar 
supports, and a reagent dispensing device of the type 
described above. 

The apparatus further includes positioning 

30 structure for positioning the dispensing device at a 
selected array position with respect to a support in 
said holder, and dispensing structure for moving the 
dispensing device into tapping engagement against a 
support with a selected impulse effective to deposit a 
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selected volume on the support, e.g., a selected volume 
in the volume range 0.01 to 100 nl. 

The positioning and dispensing structures are 
controlled by a control unit in the apparatus. The 
5 unit operates to (i) place the dispensing device at a 
loading station, (ii) move the capillary channel in the 
device into a selected reagent at the loading station, 
to load the dispensing device with the reagent, and 
(iii) dispense the reagent at a defined array position 

10 on each of the supports on said holder. The unit may 
further operate, at the end of a dispensing cycle, to 
wash the dispensing device by (i) placing the 
dispensing device at a washing station, (ii) moving the 
capillary channel in the device into a wash fluid, to 

15 load the dispensing device with the fluid, and (iii) 
remove the wash fluid prior to loading the dispensing 
device with a fresh selected reagent. 

The dispensing device in the apparatus may be one 
of a plurality of such devices which are carried on the 

20 arm for dispensing different analyte assay reagents at 
selected spaced array positions. 

In another aspect, the invention includes a 
substrate with a surface having a microarray of at 
least 10 3 distinct polynucleotide or polypeptide 

25 biopolymers in a surface area of less than about 1 cm 2 . 
Each distinct biopolymer (i) is disposed at a separate, 
defined position in said array, (ii) has a length of at 
least 50 subunits, and (iii) is present in a defined 
amount between about 0.1 femtomoles and 100 nanomoles. 

30 In one embodiment, the surface is glass slide 

surface coated with a polycationic polymer, such as 
poly lysine, and the biopolymers are polynucleotides. 
In another embodiment, the substrate has a water- 
impermeable backing, a water-permeable film formed on 
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the backing, and a grid formed on the film. The grid 
is composed of intersecting water- impervious grid 
elements extending from said backing to positions 
raised above the surface of said film, and partitions 
5 the film into a plurality of water-impervious cells. A 
biopolymer array is formed within each well. 

More generally, there is provided a substrate for 
use in detecting binding of labeled polynucleotides to 
one or more of a plurality different-sequence, 

10 immobilized polynucleotides. The substrate includes, 
in one aspect, a glass support, a coating of a 
polycationic polymer, such as poly lysine, on said 
surface of the support, and an array of distinct 
polynucleotides electrostatically bound non-covalently 

15 to said coating, where each distinct biopolymer is 

disposed at a separate, defined position in a surface 
array of polynucleotides. 

In another aspect, the substrate includes a water- 
impermeable backing, a water-permeable film formed on 

20 the backing, and a grid formed on the film, where the 
grid is composed of intersecting water- impervious grid 
elements extending from the backing to positions raised 
above the surface of the film, forming a plurality of 
cells. A biopolymer array is formed within each cell. 

25 Also forming part of the invention is a method of 

detecting differential expression of each of a 
plurality of genes in a first cell type, with respect 
to expression of the same genes in a second cell type. 
In practicing the method, there is first produced 

30 fluorescent-labeled cDNA's from mRNA's isolated from 
the two cells types, where the cDNA'S from the first 
and second cells are labeled with first and second 
different fluorescent reporters. 

A mixture of the labeled cDNA's from the two cell 

35 types is added to an array of polynucleotides 
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representing a plurality of known genes derived from 
the two cell types, under conditions that result in 
hybridization of the cDNA's to complementary-sequence 
polynucleotides in the array . The array is then 
5 examined by fluorescence under fluorescence excitation 
conditions in which (i) polynucleotides in the array 
that are hybridized predominantly to cDNA's derived 
from one of the first and second cell types give a 
distinct first or second fluorescence emission color, 

10 respectively, and (ii) polynucleotides in the array 

that are hybridized to substantially equal numbers of 
cDNA's derived from the first and second cell types 
give a distinct combined fluorescence emission color, 
respectively. The relative expression of known genes 

15 in the two cell types can then be determined by the 
observed fluorescence emission color of each spot. 

These and other objects and features of the 
invention will become more fully apparent when the 
following detailed description of the invention is read 

20 in conjunction with the accompanying figures. 

Brief Description of the Drawings 

Fig. 1 is a side view of a reagent-dispensing 
device having a open-capillary dispensing head 
25 constructed for use in one embodiment of the invention; 

Figs. 2A-2C illustrate steps in the delivery of a 
fixed-volume bead on a hydrophobic surface employing 
the dispensing head from Fig. 1, in accordance with one 
embodiment of the method of the invention; - 
30 Fig. 3 shows a portion of a two-dimensional array 

of analyte-assay regions constructed according to the 
method of the invention; 

Fig. 4 is a planar view showing components of an 
automated apparatus for forming arrays in accordance 
35 with the invention. 
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Fig. 5 shows a fluorescent image of an actual 20 x 
20 array of 400 fluorescent ly-labeled DNA samples 
immobilized on a poly-l-lysine coated slide, where the 
total area covered by the 400 element array is 16 
5 square millimeters ; 

Fig. 6 is a fluorescent image of a 1.8 cm x 1.8 cm 
microarray containing lambda clones with yeast inserts, 
the fluorescent signal arising from the hybridization 
to the array with approximately half the yeast genome 

10 labeled with a green f luorophore and the other half 
with a red f luorophore; 

Fig. 7 shows the translation of the hybridization 
image of Fig. 6 into a karyotype of the yeast genome, 
where the elements of Fig. -6 microarray contain yeast 

15 DNA sequences that have been previously physically 
mapped in the yeast genome; 

Fig. 8 show a fluorescent image of a 0*5 cmx 0.5 
cm microarray of 24 cDNA clones, where the microarray 
was hybridized simultaneously with total cDNA from wild 

20 type Arabidopsis plant labeled with a green fluorophore 
and total cDNA from a transgenic Arabidopsis plant 
labeled with a red fluorophore, and the arrow points to 
the cDNA clone representing the gene introduced into 
the transgenic Arabidopsis plant; 

25 Fig. 9 shows a plan view of substrate having an 

array of cells formed by barrier elements in the form 
of a grid; 

Fig. 10 shows an enlarged plan view of one of the 
cells in the substrate in Fig. 9, showing an array of 
30 polynucleotide regions in the cell; 

Fig. 11 is an enlarged sectional view of the 
substrate in Fig. 9, taken along a section line in that 
figure; and 

Fig. 12 is a scanned image of a 3 cm x 3 cm 
35 nitrocellulose solid support containing four identical 
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arrays of M13 clones in each of four quadrants, where 
each quadrant was hybridized simultaneously to a 
different oligonucleotide using an open face 
hybridization method. 

5 

Detailed Description of the Invention 

I. Definitions 

Unless indicated otherwise, the terms defined 
below have the following meanings: 

10 "Ligand" refers to one member of a ligand/anti- 

ligand binding pair. The ligand may be, for example, 
one of the nucleic acid strands in a complementary, 
hybridized nucleic acid duplex binding pair; an 
effector molecule in an effector /receptor binding pair; 

15 or an antigen in an antigen/ antibody or 
antigen/ antibody fragment binding pair. 

"Ant i ligand 11 refers to the opposite member of a 
ligand/anti-ligand binding pair. The antiligand may be 
the other of the nucleic acid strands in a 

20 complementary, hybridized nucleic acid duplex binding 
pair; the receptor molecule in an effector /receptor 
binding pair; or an antibody or antibody fragment 
molecule in antigen/ antibody or antigen/ antibody 
fragment binding pair, respectively. 

25 "Analyte" or "analyte molecule" refers to a 

molecule, typically a macromolecule, such as a 
polynucleotide or polypeptide, whose presence, amount, 
and/or identity are to be determined. The analyte is 
one member of a ligand/anti-ligand pair. 

30 "Analyte-specif ic assay reagent" refers to a 

molecule effective to bind specifically to an analyte 
molecule. The reagent is the opposite member of a 
ligand/anti-ligand binding pair. 

An "array of regions on a solid support" is a 

35 linear or two-dimensional array of preferably discrete 
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regions, each having a finite area, formed on the 
surface of a solid support. 

A "microarray" is an array of regions having a 
density of discrete regions of at least about 100/cm 2 , 
and preferably at least about 1000/cm 2 . The regions in 
a microarray have typical dimensions, e.g., diameters, 
in the range of between about 10-250 /im, and are 
separated from other regions in the array by about the 
same distance. 

A support surface is "hydrophobic" if a aqueous- 
medium droplet applied to the surface does not spread 
out substantially beyond the area size of the applied 
droplet. That is, the surface acts to prevent 
spreading of the droplet applied to the surface by 
hydrophobic interaction with the droplet. 

A "meniscus" means a concave or convex surface 
that forms on the bottom of a liquid in a channel as a 
result of the surface tension of the liquid. 

"Distinct biopolymers", as applied to the 
biopolymers forming a microarray, means an array member 
which is distinct from other array members on the basis 
of a different biopolymer sequence, and/or different 
concentrations of the same or distinct biopolymers, 
and/or different mixtures of distinct or different- 
concentration biopolymers. Thus an array of "distinct 
polynucleotides" means an array containing, as its 
members, (i) distinct polynucleotides, which may have a 
defined amount in each member, (ii) different, graded 
concentrations of given-sequence polynucleotides, 
and/or (iii) different-composition mixtures of two or 
more distinct polynucleotides. 

"Cell type" means a cell from a given source, 
e.g., a tissue, or organ, or a cell in a given state of 
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differentiation, or a cell associated with a given 
pathology or genetic makeup. 

II- Method of Microarrav Formation 
5 This section describes a method of forming a 

microarray of analyte-assay regions on a solid support 
or substrate, where each region in the array has a 
known amount of a selected, analyte-specif ic reagent. 

Fig. 1 illustrates, in a partially schematic view, 

10 a reagent-dispensing device 10 useful in practicing the 
method. The device generally includes a reagent 
dispenser 12 having an elongate open capillary channel 
14 adapted to hold a quantity of the reagent solution, 
such as indicated at 16, as will be described below. 

15 The capillary channel is formed by a pair of spaced- 

apart, coextensive, elongate members 12a, 12b which are 
tapered toward one another and converge at a tip or tip 
region 18 at the lower end of the channel. More 
generally, the open channel is formed by at least two 

20 elongate, spaced-apart members adapted to hold a 

quantity of reagent solutions and having a tip region 
at which aqueous solution in the channel forms a 
meniscus, such as the concave meniscus illustrated at 
20 in Fig. 2A. The advantages of the open channel 

25 construction of the dispenser are discussed below. 

With continued reference to Fig. 1, the dispenser 
device also includes structure for moving the dispenser 
rapidly toward and away from a support surface, for 
effecting deposition of a known amount of solution in 

30 the dispenser on a support, as will be described below 
with reference to Figs. 2A-2C. In the embodiment 
shown, this structure includes a solenoid 22 which is 
act iva table to draw a solenoid piston 24 rapidly 
downwardly, then release the piston, e.g., under spring 

35 bias, to a normal, raised position, as shown. The 
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dispenser is carried on the piston by a connecting 
member 26, as shown. The just-described moving 
structure is also referred to herein as dispensing 
means for moving the dispenser into engagement with a 
5 solid support, for dispensing a known volume of fluid 
on the support. 

The dispensing device just described is carried on 
an arm 28 that may be moved either linearly or in an x- 
y plane to position the dispenser at a selected 

10 deposition position, as will be described. 

Figs. 2A-2C illustrate the method of depositing a 
known amount of reagent solution in the just-described 
dispenser on the surface of a solid support, such as 
the support indicated at 30. The support is a polymer, 

15 glass, or other solid-material support having a surface 
indicated at 31. 

In one general embodiment, the surface is a 
relatively hydrophilic, i.e., wettable surface, such as 
a surface having native, bound or covalently attached 

20 charged groups. On such surface described below is a 
glass surface having an absorbed layer of a 
polycationic polymer, such as poly-l-lysine. 

In another embodiment, the surface has or is 
formed to have a relatively hydrophobic character, 

25 i.e., one that causes aqueous medium deposited on the 
surface to bead. A variety of known hydrophobic 
polymers, such as polystyrene, polypropylene, or 
polyethylene have desired hydrophobic properties, as do 
glass and a variety of lubricant or other hydrophobic 

30 films that may be applied to the support surface. 

Initially, the dispenser is loaded with a selected 
analyte-specif ic reagent solution, such as by dipping 
the dispenser tip, after washing, into a solution of 
the reagent, and allowing filling by capillary flow 

35 into the dispenser channel. The dispenser is now moved 
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to a selected position with respect to a support 
surface , placing the dispenser tip directly above the 
support-surface position at which the reagent is to be 
deposited. This movement takes place with the 
5 dispenser tip in its raised position, as seen in Fig. 
2k, where the tip is typically at least several 1-5 mm 
above the surface of the substrate. 

With the dispenser so positioned, solenoid 22 is 
now activated to cause the dispenser tip to move 

10 rapidly toward and away from the substrate surface, 
making momentary contact with the surface, in effect, 
tapping the tip of the dispenser against the support 
surface. The tapping movement of the tip against the 
surface acts to break the liquid meniscus in the tip 

15 channel, bringing the liquid in the tip into contact 
with the support surface. This, in turn, produces a 
flowing of the liquid into the capillary space between 
the tip and the surface, acting to draw liquid out of 
the dispenser channel, as seen in Pig. 2B. 

20 Fig. 2C shows flow of fluid from the tip onto the 

support surface, which in this case is a hydrophobic 
surface. The figure illustrates that liquid continues 
to flow from the dispenser onto the support surface 
until it forms a liquid bead 32. At a given bead size, 

25 i.e., volume, the tendency of liquid to flow onto ±he 
surface will be balanced by the hydrophobic surface 
interaction of the bead with the support surface, which 
acts to limit the total bead area on the surface, and 
by the surface tension of the droplet, which tends 

30 toward a given bead curvature. At this point, a given 
bead volume will have formed, and continued contact of 
the dispenser tip with the bead, as the dispenser tip 
is being withdrawn, will have little or no effect on 
bead volume. 
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For liquid-dispensing on a more hydrophilic 
surface, the liquid will have less of a tendency to 
bead, and the dispensed volume will be more sensitive 
to the total dwell time of the dispenser tip in the 
5 immediate vicinity of the support surface, e.g., the 
positions illustrated in Figs. 2B and 2C. 

The desired deposition volume, i.e., bead volume, 
formed by this method is preferably in the range 2 pi 
(picoliters) to 2 nl (nanoliters) , although volumes as 

10 high as 100 nl or more may be dispensed. It will be 
appreciated that the selected dispensed volume will 
depend on (i) the "footprint" of the dispenser tip, 
i.e., the size of the area spanned by the tip, (ii) the 
hydrophobicity of the support surface, and (iii) the 

15 time of contact with and rate of withdrawal of the tip 
from the support surface. In addition, bead size may 
be reduced by increasing the viscosity of the medium, 
effectively reducing the flow time of liquid from the 
dispenser onto the support surface. The drop size may 

20 be further constrained by depositing the drop in a 
hydrophilic region surrounded by a hydrophobic grid 
pattern on the support surface. 

In a typical embodiment, the dispenser tip is 
tapped rapidly against the support surface, with a 

25 total residence time in contact with the support of 
less than about 1 msec, and a rate of upward travel 
from the surface of about 10 cm/sec. 

Assuming that the bead that forms on contact with 
the surface is a hemispherical bead, with a diameter 

30 approximately equal to the width of the dispenser tip, 
as shown in Fig. 2C, the volume of the bead formed in 
relation to dispenser tip width (d) is given in Table 1 
below. As seen, the volume of the bead ranges between 
2 pi to 2 nl as the width size is increased from about 

35 20 to 200 Jim. 
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Table 1 



d 


Volume (nl) 


20 /xm 


2 x 10" 3 


50 /ra 


3.1 x 10" 2 


100 jim 


2.5 x 10' 1 


200 /xm 


• ■ 2 



10 At a given tip size, bead volume can be reduced in 

a controlled fashion by increasing surface 
hydrophobicity, reducing time of contact of the tip 
with the surface, increasing rate of movement of the 
tip away from the surface, and/ or increasing the 

15 viscosity of the medium. Once these parameters are 

fixed, a selected deposition volume in the desired pi 
to nl range can be achieved in a repeatable fashion. 

After depositing a bead at one selected location 
on a support, the tip is typically moved to a 

20 corresponding position on a second support, a droplet 
is deposited at that position, and this process is 
repeated until a liquid droplet of the reagent has been 
deposited at a selected position on each of a plurality 
of supports. 

25 The tip is then washed to remove the reagent 

liquid, filled with another reagent liquid and this 
reagent is now deposited at each another array position 
on each of the supports. In one embodiment, the tip is 
washed and refilled by the steps of (i) dipping the 

30 capillary channel of the device in a wash solution, 
(ii) removing wash solution drawn into the capillary 
channel, and (iii) dipping the capillary channel into 
the new reagent solution. 

From the foregoing, it will be appreciated that 

35 the tweezers-like, open-capillary dispenser tip 
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provides the advantages that (i) the open channel of 
the tip facilitates rapid, efficient washing and drying 
before reloading the tip with a new reagent, (ii) 
passive capillary action can load the sample directly 
5 from a standard microwell plate while retaining 

sufficient sample in the open capillary reservoir for 
the printing of numerous arrays, (iii) open capillaries 
are less prone to clogging than closed capillaries, and 
(iv) open capillaries do not require a perfectly faced 

10 bottom surface for fluid delivery* 

A portion of a microarray 36 formed on the surface 
38 of a solid support 40 in accordance with the method 
just described is shown in Fig. 3. The array is formed 
of a plurality of analyte-specif ic reagent regions, 

15 such as regions 42, where each region may include a 
different analyte-specif ic reagent. As indicated 
above, the diameter of each region is preferably 
between about 20-200 /ra. The spacing between each 
region and its closest (non-diagonal) neighbor, 

20 measured from center-to-center (indicated at 44) , is 

preferably in the range of about 20-400 /na. Thus, for 
example , an array having a center-to-center spacing of 
about 250 fim contains about 40 regions/cm or 1,600 
regions /cm 2 . After formation of the array, the support 

25 is treated to evaporate the liquid of the droplet 

forming each region, to leave a desired array of dried, 
relatively flat regions. This drying may be done by 
heating or under vacuum. 

In some cases, it is desired to first rehydrate 

30 the droplets containing the analyte reagents to allow 
for more time for adsorption to the solid support. It 
is also possible to spot out the analyte reagents in a 
humid environment so that droplets do not dry until the 
arraying operation is complete. 



WO 95/35505 



PCT/US95/07659 



19 

III. Automated Apparatus for Forming Arrays 

In another aspect, the invention includes an 
automated apparatus for forming an array of analyte- 
assay regions on a solid support, where each region in 
5 the array has a known amount of a selected, analyte- 
specific reagent. 

The apparatus is shown in planar, and partially 
schematic view in Fig. 4. A dispenser device 72 in the 
apparatus has the basic construction described above 

10 with respect to Fig. 1, and includes a dispenser 74 

having an open-capillary channel terminating at a tip, 
substantially as shown in Figs. 1 and 2A-2C. 

The dispenser is mounted in the device for 
movement toward and away from a dispensing position at 

15 which the tip of the dispenser taps a support surface, 
to dispense a selected volume of reagent solution, as 
described above. This movement is effected by a 
solenoid 76 as described above. Solenoid 76 is under 
the control of a control unit 77 whose operation will 

20 be described below. The solenoid is also referred -to 
herein as dispensing means for moving the device into 
tapping engagement with a support, when the device is 
positioned at a defined array position with respect to 
that support. 

25 The dispenser device is carried on an arm 74 which 

is threadedly mounted on a worm screw 80 driven 
(rotated) in a desired direction by a stepper motor 82 
also under the control of unit 77. At its left end in 
the figure screw 80 is carried in a sleeve 84 for 

30 rotation about the screw axis. At its other end, the 
screw is mounted to the drive shaft of the stepper 
motor, which in turn is carried on a sleeve 86. The 
dispenser device, worm screw, the two sleeves mounting 
the worm screw, and the stepper motor used in moving 

35 the device in the w x M (horizontal) direction in the 
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figure form what is referred to here collectively as a 
displacement assembly 86. 

The displacement assembly is constructed to 
produce precise, micro-range movement in the direction 
5 of the screw, i.e., along an x axis in the figure. In 
one mode, the assembly functions to move the dispenser 
in x-axis increments having a selected distance in the 
range 5-25 pm. In another mode, the dispenser unit may 
be moved in precise x-axis increments of several 
10 microns or more,: for positioning the dispenser at 

associated positions on adjacent supports, as will be 
described below. 

The displacement assembly, in turn, is mounted for 
movement in the "y" (vertical) axis of the figure, for 
15 positioning the dispenser at a selected y axis 

position. The structure mounting the assembly includes 
a fixed rod 88 mounted rigidly between a pair of frame 
bars 90, 92, and a worm screw 94 mounted for rotation 
between a pair of frame bars 96, 98. The worm screw is 
20 driven (rotated) by a stepper motor 100 which operates 
under the control of unit 77. The motor is mounted on 
bar 96, as shown. 

The structure just described, including worm screw 
94 and motor 100, is constructed to produce precise, 
25 micro-range movement in the direction of the screw, 
i.e., along an y axis in the figure. As above, the 
structure functions in one mode to move the dispenser 
in y-axis increments having a selected distance in the 
range 5-250 jim, and in a second mode, to move the 
30 dispenser in precise y-axis increments of several 

microns (jra) or more, for positioning the dispenser at 
associated positions on adjacent supports. 

The displacement assembly and structure for moving 
this assembly in the y axis are referred to herein 
35 collectively as positioning means for positioning the 
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respect to a support. 

A holder 102 in the apparatus functions to hold a 
plurality of supports , such as supports 104 on which 
5 the microarrays of regent regions are to be formed by 
the apparatus. The holder provides a number of 
recessed slots, such as slot 106, which receive the 
supports, and position them at precise selected 
positions with respect to the frame bars on which the 

10 dispenser moving means is mounted. 

As noted above, the control unit in the device 
functions to actuate the two stepper motors and 
dispenser solenoid in a sequence designed for automated 
operation of the apparatus in forming a selected 

15 microarray of reagent regions on each of a plurality of 
supports. 

The control unit is constructed, according to 
conventional microprocessor control principles, to 
provide appropriate signals to each of the solenoid and 

20 each of the stepper motors, in a given timed sequence 
and for appropriate signalling time. The construction 
of the unit, and the settings that are selected by the 
user to achieve a desired array pattern, will be 
understood from the following description of a typical 

25 apparatus operation. 

Initially, one or more supports are placed in one 
or more slots in the holder. The dispenser is then 
moved to a position directly above a well (not shown) 
containing a solution of the first reagent to be 

30 dispensed on the support (s) . The dispenser solenoid is 
actuated now to lower the dispenser tip into this well, 
causing the capillary channel in the dispenser to fill. 
Motors 82, 100 are now actuated to position the 
dispenser at a selected array position at the first of 

35 the supports. Solenoid actuation of the dispenser is 



t 

WO 95/35505 



PCT/US95/07659 



22 

then effective to dispense a selected-volume droplet of 
that reagent at this location. As noted above, this 
operation is effective to dispense a selected volume 
preferably between 2 pi and 2 nl of the reagent 
5 solution. 

The dispenser is now moved to the corresponding 
position at an adjacent support and a similar volume of 
the solution is dispensed at this position. The 
process is repeated until the reagent has been 

10 dispensed at this preselected corresponding position on 
each of the supports. 

Where it is desired to dispense a single reagent 
at more than two array positions on a support, the 
dispenser may be moved to different array positions at 

15 each support, before moving the dispenser to a new 
support, or solution can be dispensed at individual 
positions on each support, at one selected position, 
then the cycle repeated for each new array position. 
To dispense the next reagent, the dispenser is 

20 positioned over a wash solution (not shown) , and the 
dispenser tip is dipped in and out of this solution 
until the reagent solution has been substantially 
washed from the tip. Solution can be removed from the 
tip, after each dipping, by vacuum, compressed air 

25 spray, sponge, or the like. 

The dispenser tip is now dipped in a second 
reagent well, and the filled tip is moved to a second 
selected array position in the first support. The 
process of dispensing reagent at each of the 

30 corresponding second-array positions is then carried as 
above. This process is repeated until an entire 
microarray of reagent solutions on each of the supports 
has been formed. 

35 IV. Microarray Substrate 
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This section describes embodiments of a substrate 
having a microarray of biological polymers carried on 
the substrate surface. Subsection A describes a multi- 
cell substrate, each cell of which contains a 
microarray, and preferably an identical microarray, of 
distinct biopolymers, such as distinct polynucleotides, 
formed on a porous surface. Subsection B describes a 
microarray of distinct polynucleotides bound on a glass 
slide coated with a polycationic polymer. 



A. Multi-Cell Substrate 

Pig. 9 illustrates, in plan view, a substrate 110 
constructed according to the invention. The substrate 
has an 8 x 12 rectangular array 112 of cells, such as 

15 cells 114, 116, formed on the substrate surface. With 
. reference to Fig. 10, each cell, such as cell 114, in 
turn supports a microarray 118 of distinct biopolymers, 
such as polypeptides or polynucleotides at known, 
addressable regions of the microarray. Two such 

20 regions forming the microarray are indicated at 120, 

and correspond to regions, such as regions 42, forming 
the microarray of distinct biopolymers shown in Fig. 3. 

The 96-cell array shown in Fig. 9 has typically 
array dimensions between about 12 and 244 mm in width 

25 and 8 and 400 mm in length, with the cells in the array 
having width and length dimension of 1/12 and 1/8 the 
array width and length dimensions, respectively, i.e., 
between about 1 and 20 in width and 1 and 50 mm in 
length . 

30 The construction of substrate is shown cross- 

sect ionally in Fig. 11, which is an enlarged sectional 
view taken along view line 124 in Fig. 9. The 
substrate includes a water- impermeable backing 126, 
such as a glass slide or rigid polymer sheet. Formed 

35 on the surface of the backing is a water-permeable film 
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128. The film is formed of a porous membrane material, 
such as nitrocellulose membrane, or a porous web 
material, such as a nylon, polypropylene, or PVDF 
porous polymer material. The thickness of the film is 
5 preferably between about 10 and 1000 Mm* The film may 
be applied to the backing by spraying or coating 
uncured material on the backing, or by applying a 
preformed membrane to the backing. The backing and 
film may be obtained as a preformed unit from 

10 commercial source, e.g., a plastic-backed 

nitrocellulose film available from Schleicher and 
Schuell Corporation. 

With continued reference to Fig. 11, the film- 
covered surface in the substrate is partitioned into a 

15 desired array of cells by water-impermeable grid lines, 
such as lines 130, 132, which have infiltrated the film 
down to the level of the backing, and extend above the 
surface of the film as shown, typically a distance of 
100 to 2000 iim above the film surface. 

20 The grid lines are formed on the substrate by 

laying down an uncured or otherwise f lowable resin or 
elastomer solution in an array grid, allowing the 
material to infiltrate the porous film down to the 
backing, then curing or otherwise hardening the grid 

25 lines to form the cell-array substrate. 

One preferred material for the grid is a f lowable 
silicone available from Loctite Corporation. The 
barrier material can be extruded through a narrow 
syringe (e.g., 22 gauge) using air pressure or 

30 mechanical pressure. The syringe is moved relative to 
the solid support to print the barrier elements as a 
grid pattern. The extruded bead of silicone wicks into 
the pores of the solid support and cures to form a 
shallow waterproof barrier separating the regions of 

35 the solid support. 
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In alternative embodiments, the barrier element 
can be a wax-based material or a thermoset material 
such as epoxy. The barrier material can also be a UV- 
curing polymer which is exposed to UV light after being 
5 printed onto the solid support. The barrier material 
may also be applied to the solid support using printing 
techniques such as silk-screen printing. The barrier 
material may also be a heat-seal stamping of the porous 
solid support which seals its pores and forms a water- 

10 impervious barrier element. The barrier material may 
also be a shallow grid which is laminated or otherwise 
adhered to the solid support. 

In addition to plastic-backed nitrocellulose, the 
solid support can be virtually any porous membrane with 

15 or without a non-porous backing. Such membranes are 
readily available from numerous vendors and are made 
from nylon, PVDF, polysulfone and the like. In an 
alternative embodiment, the barrier element may also be 
used to adhere the porous membrane to a non-porous 

20 backing in addition to functioning as a barrier to 
prevent cross contamination of the assay reagents. 

In an alternative embodiment, the solid support 
can be of a non-porous material. The barrier can be 
printed either before or after the microarray of 

25 biomolecules is printed on the solid support. 

As can be appreciated, the cells formed by the 
grid lines and the underlying backing are water- 
impermeable, having side barriers projecting above the 
porous film in the cells. Thus, defined- volume samples 

30 can be placed in each well without risk of cross- 
contamination with sample material in adjacent cells. 
In Fig. 11, defined volumes samples, such as sample 
134, are shown in the cells. 

As noted above, each well contains a microarray of 

35 distinct biopolymers. In one general embodiment, the 
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microarrays in the well are identical arrays of 
distinct biopolymers, e.g., different sequence 
polynucleotides. Such arrays can be formed in 
accordance with the methods described in Section II , by 
5 depositing a first selected polynucleotide at the same 
selected microarray position in each of the cells, then 
depositing a second polynucleotide at a different 
microarray position in each well, and so on until a 
complete, identical microarray is formed in each cell. 

10 In a preferred embodiment, each microarray 

contains about 10 3 distinct polynucleotide or 
polypeptide biopolymers per surface area of less than 
about 1 cm 2 . Also in a preferred embodiment, the 
biopolymers in each microarray region are present in a 

15 defined amount between about 0.1 femtomoles and 100 

nanomoles. The ability to form high-density arrays of 
biopolymers, where each region is formed of a well- 
defined amount of deposited material, can be achieved 
in accordance with the microarray-f orming method 

20 described in Section II. 

Also in a preferred embodiments, the biopolymers 
are polynucleotides having lengths of at least about 50 
bp, i.e., substantially longer than oligonucleotides 
which can be formed in high-density arrays by schemes 

25 involving parallel, step-wise polymer synthesis on the 
array surface. 

In the case of a polynucleotide array, in an assay 
procedure, a small volume of the labeled DNA probe 
mixture in a standard hybridization solution is loaded 

30 onto each cell. The solution will spread to cover the 
entire microarray and stop at the barrier elements. 
The solid support is then incubated in a humid chamber 
at the appropriate temperature as required by the 
assay. 
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Each assay may be conducted in an w open-face" 
format where no further sealing step is required, since 
the hybridization solution will be kept properly 
hydrated by the water vapor in the humid chamber. At 
5 the conclusion of the incubation step, the entire solid 
support containing the numerous microarrays is rinsed 
quickly enough to dilute the assay reagents so that no 
significant cross contamination occurs. The entire 
solid support is then reacted with detection reagents 

10 if needed and analyzed using standard color imetric, 
radioactive or fluorescent detection means. All 
processing and detection steps are performed 
simultaneously to all of the microarrays on the solid 
support ensuring uniform assay conditions for all of 

15 the microarrays on the solid support. 

B. Glass-Slide Polynucleotide Array 
Fig. 5 shows a substrate 136 formed according to 
another aspect of the invention, and intended for use 

20 in detecting binding of labeled polynucleotides to one 
or more of a plurality distinct polynucleotides. The 
substrate includes a glass substrate 138 having formed 
on its surface, a coating of a polycationic polymer, 
preferably a cationic polypeptide, such as poly lysine 

25 or polyarginine. Formed on the polycationic coating is 
a microarray 140 of distinct polynucleotides, each 
localized at known selected array regions, such as 
regions 142. 

The slide is coated by placing a uniform-thickness 
30 film of a polycationic polymer, e.g., poly-l-lysine, on 
the surface of a slide and drying the film to form a 
dried coating. The amount of polycationic polymer 
added is sufficient to form at least a monolayer of 
polymers on the glass surface. The polymer film is 
35 bound to surface via electrostatic binding between 
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negative silyl-OH groups on the surface and charged 
amine groups in the polymers. Poly-l-lysine coated 
glass slides may be obtained commercially, e.g., from 
Sigma Chemical Co. (St. Louis, MO). 
5 To form the microarray, defined volumes of 

distinct polynucleotides are deposited on the polymer- 
coated slide, as described in Section II. According to 
an important feature of the substrate, the deposited 
polynucleotides remain bound to the coated slide 

10 surface non-covalently when an aqueous DNA sample is 
applied to the substrate under conditions which allow 
hybridization of reporter-labeled polynucleotides in 
the sample to complementary-sequence (single-stranded) 
polynucleotides in the substrate array. The method is 

15 illustrated in Examples 1 and 2. 

To illustrate this feature, a substrate of the 
type just described, but having an array of same- 
sequence polynucleotides, was mixed with fluorescent- 
labeled complementary DNA under hybridization 

20 conditions. After washing to remove non-hybridized 
material , the substrate was examined by low-power 
fluorescence microscopy. The array can be visualized 
by the relatively uniform labeling pattern of the array 
regions • 

25 In a preferred embodiment, each microarray 

contains at least 10 3 distinct polynucleotide or 
polypeptide biopolymers per surface area of less than 
about 1 cm 2 . In the embodiment shown in Fig. 5, the 
microarray contains 400 regions in an area of about 16 

30 mm 2 , or 2.5 x 10 3 regions/cm 2 . Also in a preferred 

embodiment, the polynucleotides in the each microarray 
region are present in a defined amount between about 
0.1 femtomoles and 100 nanomoles in the case of 
polynucleotides. As above, the ability to form high- 
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density arrays of this type, where each region is 
formed of a well-defined amount of deposited material, 
can be achieved in accordance with the microarray- 
forming method described in Section II. 
5 Also in a preferred embodiments, the 

polynucleotides have lengths of at least about 50 bp, 
i.e., substantially longer than oligonucleotides which 
can be formed in high-density arrays by various in situ 
synthesis schemes. 

10 

V. Utility 

Microarrays of immobilized nucleic acid sequences 
prepared in accordance with the invention can be used 
for large scale hybridization assays in numerous 

15 genetic applications, including genetic and physical 

mapping of genomes, monitoring of gene expression, DNA 
sequencing, genetic diagnosis, genotyping of organisms, 
and distribution of DNA reagents to researchers. 

For gene mapping, a gene or a cloned DNA fragment 

20 is hybridized to an ordered array of DNA fragments, and 
the identity of the DNA elements applied to the array 
is unambiguously established by the pixel or pattern of 
pixels of the array that are detected. One application 
of such arrays for creating a genetic map is described 

25 by Nelson, et al. (1993). In constructing physical 
maps of the genome, arrays of immobilized cloned DNA 
fragments are hybridized with other cloned DNA 
fragments to establish whether the cloned fragments in 
the probe mixture overlap and are therefore contiguous 

30 to the immobilized clones on the array. For example, 
Lehrach, et al., describe such a process. 

The arrays of immobilized DNA fragments may also 
be used for genetic diagnostics. To illustrate, an 
array containing multiple forms of a mutated gene or 

35 genes can be probed with a labeled mixture of a 
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patient's DNA which will preferentially interact with 
only one of the immobilized versions of the gene. 

The detection of this interaction can lead to a 
medical diagnosis. Arrays of immobilized DNA fragments 
5 can also be used in DNA probe diagnostics. For 

example, the identity of a pathogenic microorganism can 
be established unambiguously by hybridizing a sample of 
the unknown pathogen's DNA to an array containing many 
types of known pathogenic DNA. A similar technique can 

10 also be used for unambiguous genotyping of any 

organism. Other molecules of genetic interest, such as 
cDNA's and RNA's can be immobilized on the array or 
alternately used as the labeled probe mixture that is 
applied to the array. 

15 In one application, an array of cDNA clones 

representing genes is hybridized with total cDNA from 
an organism to monitor gene expression for research or 
diagnostic purposes. Labeling total cDNA from a normal 
cell with one color f luorophore and total cDNA from a 

20 diseased cell with another color f luorophore and 

simultaneously hybridizing the two cDNA samples to the 
same array of cDNA clones allows for differential gene 
expression to be measured as the ratio of the two 
f luorophore intensities. This two-color experiment can 

25 be used to monitor gene expression in different tissue 
types, disease states, response to drugs, or response 
to environmental factors. & An example of this approach 
is illustrated in Examples 2, described with respect to 
Fig. 8. 

30 By way of example and without implying a 

limitation of scope, such a procedure could be used to 
simultaneously screen many patients against all known 
mutations in a disease gene. This invention could be 
used in the form of, for example, 96 identical 0.9 cm x 

35 2.2 cm microarrays fabricated on a single 12 cm x 18 cm 
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sheet of plastic-backed nitrocellulose where each 
microarray could contain, for example, 100 DNA 
fragments representing all known mutations of a given 
gene. The region of interest from each of the DNA 
5 samples from 96 patients could be amplified, labeled, 
and hybridized to the 96 individual arrays with each 
assay performed in 100 microliters of hybridization 
solution. The approximately 1 thick silicone rubber 
barrier elements between individual arrays prevent 

10 cross contamination of the patient samples by sealing 
the pores of the nitrocellulose and by acting as a 
physical barrier between each microarray. The solid 
support containing all 96 microarray s assayed with the 
96 patient samples is incubated, rinsed, detected and 

15 analyzed as a single sheet of material using standard 
radioactive, fluorescent, or colorimetric detection 
means (Maniatas, et al., 1989). Previously, such a 
procedure would involve the handling, processing and 
tracking of 96 separate membranes in 96 separate sealed 

20 chambers. By processing all 96 arrays as a single 

sheet of material, significant time and cost savings 
are possible. 

The assay format can be reversed where the patient 
or organism's DNA is immobilized as the array elements 

25 and each array is hybridized with a different mutated 
allele or genetic marker. The gridded solid support 
can also be used for parallel non-DNA ELISA assays. 
Furthermore, the invention allows for the use of all 
standard detection methods without the need to remove 

30 the shallow barrier elements to carry out the detection 
step. 

In addition to the genetic applications listed 
above, arrays of whole cells, peptides, enzymes, 
antibodies, antigens, receptors, ligands, 
35 phospholipids, polymers, drug cogener preparations or 
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chemical substances can be fabricated by the means 
described in this invention for large scale screening 
assays in medical diagnostics, drug discovery, 
molecular biology, immunology and toxicology. 
5 The multi-cell substrate aspect of the invention 

allows for the rapid and convenient screening of many 
DNA probes against many ordered arrays of DNA 
fragments. This eliminates the need to handle and 
detect many individual arrays for performing mass 
10 screenings for genetic research and diagnostic 

applications. Numerous microarrays can be fabricated 
on the same solid support and each microarray reacted 
with a different DNA probe while the solid support is 
processed as a single sheet of material. 

15 

The following examples illustrate, but in no way 
are intended to limit, the present invention. 

Example 1 

20 Genomic-Complexitv Hybridization to Micro 

DNA Arrays Representing the Yeast 
Saccharomyces CBrevisiae Genome with 
Two-Color Fluorescent Detection 

The array elements were randomly amplified PCR 

25 (Boh lander, et al., 1992) products using physically 

mapped lambda clones of S. cerevisiaa genomic DNA 

templates (Riles, et al., 1993) . The PCR was performed 

directly on the lambda phage lysates resulting in an 

amplification of both the 35 kb lambda vector and the 

30 5-15 kb yeast insert sequences in the form of ,a uniform 

distribution of PCR product between 250*1500 base pairs 

in length. The PCR product was purified using 

Sephadex G50 gel filtration (Pharmacia, Piscataway, NJ) 

and concentrated by evaporation to dryness at room 

35 temperature overnight. Each of the 864 amplified 
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lambda clones was rehydrated in 15 ftl of 3 x SSC in 
preparation for spotting onto the glass. 

The micro arrays were fabricated on microscope 
slides which were coated with a layer of poly-l-lysine 
5 (Sigma) . The automated apparatus described in Section 
IV loaded 1 /xl of the concentrated lambda clone PCR 
product in 3 x SSC directly from 96 well storage plates 
into the open capillary printing element and deposited 
~5 nl of sample per slide at 380 micron spacing between 

10 spots, on each of 40 slides. The process was repeated 
for all 864 samples and 8 control spots. After the 
spotting operation was complete, the slides were 
rehydrated in a humid chamber for 2 hours, baked in a 
dry 80° vacuum oven for 2 hours, rinsed to remove un- 

15 absorbed DNA and then treated with succinic anhydride 
to reduce non-specific adsorption of the labeled 
hybridization probe to the poly-l-lysine coated glass 
surface. Immediately prior to use, the immobilized DNA 
on the array was denatured in distilled water at 90° 

20 for 2 minutes. 

For the pooled chromosome experiment, the 16 
chromosomes of Saccharomyces cerevisxae were separated 
in a CHEF agarose gel apparatus (Biorad, Richmond , CA) . 
The six largest chromosomes were isolated in one gel 

25 slice and the smallest 10 chromosomes in a second gel 
slice. The DNA was recovered using a gel extraction 
kit (Qiagen, Chatsworth, CA) . The two chromosome pools 
were randomly amplified in a manner similar to that 
used for the target lambda clones. Following 

30 amplification, 5 micrograms of each of the amplified 

chromosome pools were separately random-primer labeled 
using Klenow polymerase (Amersham, Arlington Heights, 
IL) with a lissamine conjugated nucleotide analog 
(Dupont NEN, Boston, MA) for the pool containing the 

35 six largest chromosomes, and with a fluorescein 
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conjugated nucleotide analog (BMB) for the pool 
containing smallest ten chromosomes. The two pools 
were mixed and concentrated using an ultrafiltration 
device (Amicon, Danvers, MA). 
5 Five micrograms of the hybridization probe 

consisting of both chromosome pools in 7.5 ^1 of TE was 
denatured in a boiling water bath and then snap cooled 
on ice. 2.5 fil of concentrated hybridization solution 
(5 x SSC and 0.1% SDS) was added and all 10 fil 

10 transferred to the array surface, covered with a cover 
slip, placed in a custom-built single-slide humidity 
chamber and incubated at 60° for 12 hours. The slides 
were then rinsed at room temperature in 0.1 x SSC and 
0.1%SDS for 5 minutes, cover slipped and scanned. 

15 A custom built laser fluorescent scanner was used 

to detect the two-color hybridization signals from the 
1.8 x 1.8 cm array at 20 micron resolution. The 
scanned image was gridded and analyzed using custom 
image analysis software. After correcting for optical 

20 crosstalk between the fluorophores due to their 
overlapping emission spectra, the red and green 
hybridization values for each clone on the array were 
correlated to the known physical map position of the 
clone resulting in a computer-generated color karyotype 

25 of the yeast genome. 

Figure 6 shows the hybridization pattern of the 
two chromosome pools. A red signal indicates that the 
lambda clone on the array surface contains a cloned 
genomic DNA segment from one of the largest six yeast 

30 chromosomes* A green signal indicates that the lambda 
clone insert comes from one of the smallest ten yeast 
chromosomes. Orange signals indicate repetitive 
sequences which cross hybridized to both chromosome 
pools. Control spots on the array confirm that the 

35 hybridization is specific and reproducible. 
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The physical map locations of the genomic DNA 
fragments contained in each of the clones used as array 
elements have been previously determined by Olson and 
co-workers (Riles, et al.) allowing for the automatic 
5 generation of the color karyotype shown in Figure 7. 
The color of a chromosomal section on the karyotype 
corresponds to the color of the array element 
containing the clone from that section. The black 
regions of the karyotype represent false negative dark 

10 spots on the array (10%) or regions of the genome not 
covered by the Olson clone library (90%) • Note that 
the largest six chromosomes are mainly red while the 
smallest ten chromosomes are mainly green matching the 
original CHEF gel isolation of the hybridization probe. 

15 Areas of the red chromosomes containing green spots and 
vice-versa are probably due to spurious sample tracking 
errors in the formation of the original library and in 
the amplification and spotting procedures. 

The yeast genome arrays have also been probed with 

20 individual clones or pools of clones that are 

f luorescently labeled for physical mapping purposes* 
The hybridization signals of these clones to the array 
were translated into a position on the physical map of 
yeast, 

25 

Example 2 

Total cDNA Hybridized to Micro Arrays of 
cDNA Clones with Two-Color 
Fluorescent Detection 

30 24 clones containing cDNA inserts from the plant 

Arabidopsis were amplified using PGR. Salt was added 
to the purified PCR products to a final concentration 
of 3 x SSC. The cDNA clones were spotted on poly-1- 
lysine coated microscope slides in a manner similar to 

35 Example 1. Among the cDNA clones was a clone 
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representing a transcription factor HAT 4, which had 
previously been used to create a transgenic line of the 
plant Arabidopsis, in which this gene is present at ten 
times the level found in wild-type Arabidopsis (Schena, 
5 et al. , 1992) . 

Total poly-A mRNA from wild type Arabidopsis was 
isolated using standard methods (Maniatis, et al., 
1989) and reverse transcribed intp total cDNA, using 
fluorescein nucleotide analog to label the cDNA product 

10 (green fluorescence). A similar procedure was 

performed with the transgenic line of Arabidopsis where 
the transcription factor HAT4 was inserted into the 
genome using standard gene transfer protocols. cDNA 
copies of mRNA from the transgenic plant are labeled 

15 with a lissamine nucleotide analog (red fluorescence) . 
Two micrograms of the cDNA products from each type of 
plant were pooled together and hybridized to the cDNA 
clone array in a 10 microliter hybridization reaction 
in a manner similar to Example 1. Rinsing and 

20 detection of hybridization was also performed in a 

manner similar to Example 1. Fig. 8 show the resulting 
hybridization pattern of the array. 

Genes equally expressed in wild type and the 
transgenic Arabidopsis appeared yellow due to equal 

25 contributions of the green and red fluorescence to the 
final signal. The dots are different intensities of 
yellow indicating various levels of gene expression. 
The cDNA clone representing the transcription factor 
HAT 4 , expressed in the transgenic line of Arabidopsis 

30 but not detectably expressed in wild type AraJbidopsis, 
appears as a red dot (with the arrow pointing to it) , 
indicating the preferential expression of the 
transcription factor in the red-labeled transgenic 
Arabidopsis and the relative lack of expression of the 
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transcription factor in the green-labeled wild type 
Arabidopsis . 

An advantage of the micro array hybridization 
format for gene expression studies is the high partial 
5 concentration of each cDNA species achievable in the 10 
microliter hybridization reaction. This high partial 
concentration allows for detection of rare transcripts 
without the need for PCR amplification of the 
hybridization probe which may bias the true genetic 

10 representation of each discrete cDNA species. 

Gene expression studies such as these can be used 
for genomics research to discover which genes are 
expressed in which cell types, disease states, 
development states or environmental conditions. Gene 

15 expression studies can also be used for diagnosis of 
disease by empirically correlating gene expression 
patterns to disease states. 

Example 3 

20 Multiplexed Colorimetric Hybridization on 

a Gridded Solid Support 

A sheet of plastic-backed nitrocellulose was 

gridded with barrier elements made from silicone rubber 

according to the description in Section IV-A. The 

25 sheet was soaked in 10 x SSC and allowed to dry. As 

shown in Fig. 12, 192 M13 clones each with a different 
yeast inserts were arrayed 400 microns apart in four 
quadrants of the solid support using the automated 
device described in Section III. The bottom left 

30 quadrant served as a negative control for hybridization 
while each of the other three quadrants was hybridized 
simultaneously with a different oligonucleotide using 
the open-face hybridization technology described in 
Section IV-A. The first two and last four elements of 
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each array are positive controls for the colorimetric 
detection step. 

The oligonucleotides were labeled with fluorescein 
which was detected using an anti-f luorescein antibody 
5 conjugated to alkaline phosphatase that precipitated an 
NBT/BCIP dye on the solid support (Amersham) . Perfect 
matches between the labeled oligos and the M13 clones 
resulted in dark spots visible to the naked eye and 
detected using an optical scanner (HP ScanJet II) 

10 attached to a personal computer. The hybridization 
patterns are different in every quadrant indicating 
that each oligo found several unique M13 clones from 
among the 192 with a perfect sequence match. Note that 
the open capillary printing tip leaves detectable 

15 dimples on the nitrocellulose which can be used to 
automatically align and analyze the images. 

Although the invention has been described with 
respect to specific embodiments and methods, it will be 
20 clear that various changes and modification may be made 
without departing from the invention. 
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IT IS CLAIMED: 

1. A method of forming a microarray of analyte- 
assay regions on a solid support, where each region in 
5 the array has a known amount of a selected, analyte- 
specific reagent, said method comprising, 

(a) loading a solution of a selected analyte- 
specific reagent in a reagent-dispensing device having 
an elongate capillary channel (i) formed by spaced- 

10 apart , coextensive elongate members, (ii) adapted to 
hold a quantity of the reagent solution and (iii) 
having a tip region at which aqueous solution in the 
channel forms a meniscus, 

(b) tapping the tip of the dispensing device 

15 against a solid support at a defined position on the 
surface, with an impulse effective to break the 
meniscus in the capillary channel and deposit a 
selected volume of solution on the surface, and 

(c) repeating steps (a) and (b) until said array 
20 is formed. 

2. The method of claim 1, wherein said tapping is 
carried out with an impulse effective to deposit a 
selected volume in the volume range between 0.01 to 100 

25 nl. 

3. The method of claim 1, wherein said channel is 
formed by a pair of spaced-apart tapered elements. 

30 4. The method of claim 1, for forming a plurality 

of such arrays, wherein step (b) is applied to a 
selected position on each of a plurality of solid 
supports at each repeat cycle proceeding step (c) . 
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5. The method of claim 1, which further includes, 
after performing steps (a) and (b) at least one time, 
reloading the reagent-dispensing device with a new 
reagent solution by the steps of (i) dipping the 
5 capillary channel of the device in a wash solution, 
(ii) removing wash solution drawn into the capillary 
channel, and (iii) dipping the capillary channel into 
the new reagent solution. 

10 6. Automated apparatus for forming a microarray 

of analyte-assay regions on a plurality of solid 
supports, where each region in the array has a known 
amount of a selected, analyte-specif ic reagent:, said 
apparatus comprising 

15 (a) a holder for holding, at known positions, a 

plurality of planar supports, 

(b) a reagent dispensing device having ah open 
capillary channel (i) formed by spaced-apart , 
coextensive elongate members (ii) adapted to hold a 

20 quantity of the reagent solution and (iii) having a tip 
region at which aqueous solution in the channel forms a 
meniscus, 

(c) positioning means for positioning the 
dispensing device at a selected array position with 

25 respect to a support in said holder, . 

(d) dispensing means for moving the device into 
tapping engagement against a support with a selected 
impulse, when the device is positioned at a defined 
array position with respect to that support, with an 

30 impulse effective to break the meniscus of liquid in 

the capillary channel and deposit a selected volume of 
solution on the surface, and 

(e) control means for controlling said positioning 

and dispensing means. 
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7. The apparatus of claim 6, wherein said 
dispensing means is effective to move said dispensing 
device against a support with an impulse effective to 
deposit a selected volume in the volume range between 

5 0.01 to 100 nl. 

8. The apparatus of claim 6, wherein said channel 
is formed by a pair of spaced-apart tapered elements. 

10 9 . The apparatus of claim 6 , wherein the control 

means operates to (i) place the dispensing device at a 
loading station, (ii) move the capillary channel in the 
device into a selected reagent at the loading station, 
to load the dispensing device with the reagent, and 

15 (iii) dispense the reagent at a defined array position 
on each of the supports on said holder. 

10. The apparatus of claim 6, wherein the control 
device further operates, at the end of a dispensing 

20 cycle, to wash the dispensing device by (i) placing the 
dispensing device at a washing station, (ii) moving the 
capillary channel in the device into a wash fluid, to 
load the dispensing device with the fluid, and (iii) 
remove the wash fluid prior to loading the dispensing 

25 device with a fresh selected reagent. 

11. The apparatus of claim 6, wherein said device 
is one of a plurality of such devices which are carried 
on the arm for dispensing different analyte assay 

30 reagents at selected spaced array positions. 

12. A substrate with a surface having a 
microarray of at least 10 3 distinct polynucleotide or 
polypeptide biopolymers per 1 cm 2 surface area, each 
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distinct biopolymer sample (i) being disposed at a 
separate, defined position in said array, (ii) having a 
length of at least 50 subunits, and (iii) being present 
in a defined amount between about 0.1 femtomole and 100 
5 nanomoles. 

13. The substrate of claim 12, wherein said 
surface is glass slide coated with polylysine, and said 
biopolymers are polynucleotides. 

10 

14. The substrate of claim 12, wherein said 
substrate has a water-impermeable backing, a water- 
permeable film formed on the backing, and a grid formed 
on the film, where said grid (i) is composed of 

15 intersecting water-impervious grid elements extending 

from said backing to positions raised above the surface 
of said film, and (ii) partitions the film into a 
plurality of water-impervious cells, where each cell 
contains such a biopolymer array. 

20 

15. A substrate with a surface array of sample- 
receiving cells, comprising 

a water- impermeable backing, 

a water-permeable film formed on the backing, and 
25 a grid formed on the film, said grid being composed of 
intersecting water-impervious grid elements extending 
from said backing to positions raised above the surface 
of said film. 

30 16. The substrate of claim 15, wherein the cells 

of the array each contain an array of biopolymers. 

17. A substrate for use in detecting binding of 
labeled biopolymers to one or more of a plurality 
35 distinct polynucleotides, comprising 
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a non-porous, glass substrate, 

a coating of a cat ionic polymer on said substrate, 

and 

an array of distinct polynucleotides to said 
5 coating, where each biopolymer is disposed at a 
separate, defined position in a surface array of 
biopolymers. 

18. A method of detecting differential expression 

10 of each of a plurality of genes in a first cell type 
with respect to expression of the sane genes in a 
second cell types, said method comprising 

producing fluorescence-labeled cDNA's from mRNA's 
isolated from the two cells types, where the cDNA's 

15 from the first and second cells are labeled with first 
and second different fluorescent reporters, 

adding a mixture of the labeled cDNA's from the 
two cell types to an array of polynucleotides 
representing a plurality of known genes derived from 

20 the two cell types, under conditions that result in 
hybridization of the cDNA's to complementary-sequence 
polynucleotides in the array; and 

examining the array by fluorescence under 
fluorescence excitation conditions in which (i) 

25 polynucleotides in the array that are hybridized 

predominantly to cDNA's derived from one of the first 
and second cell types give a distinct first or second 
fluorescence emission color, respectively, and (ii) 
polynucleotides in the array that are hybridized to 

30 substantially equal numbers of cDNA's derived from the 
first and second cell types give a distinct combined 
fluorescence emission color, respectively, 

wherein the relative expression of known genes in 
the two cell types can be determined by the observed 

35 fluorescence emission color of each spot. 
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19. The method of claim 18, wherein the array of 
polynucleotides is formed on a substrate with a surface 
having an array of at least 10 2 distinct polynucleotide 
or polypeptide biopolymers in a surface area of less 

5 than about i cm 2 , each distinct biopolymer (i) being 

disposed at a separate, defined position in said array, 
(ii) having a length of at least 50 subunits, and (iii) 
bdiing present in a defined amount between about .1 
femtomole and 100 nmoles. 

10 

20. The method of claim 19, wherein said surface 
is a glass slide coated with poly lysine, and said 
biopolymers are polynucleotides non-covalently bound to 
said poly lysine. 
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